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A cytotoxic peptide, polytheonamide B (pTB), from marine sponge was examined for cytotoxic
spectrum and speciﬁc activity to mammalian cells was demonstrated. pTB is composed of alterna-
tive D- and L-amino acid residues throughout the 48-mer peptide. This suggests the formation of
a b-helix similar to gramicidin channels. Planar bilayer experiments revealed that pTB forms
monovalent cation-selective channels, being compatible with the inner pore diameter of 4 Å for
a b-helical structure. pTB penetrated vectorially into the membrane, formed a channel by means
of a single molecule, and remained in the membrane. These functional properties may account
for speciﬁc cytotoxic activity.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
A rich repertoire of biologically active substances from marine
organisms [1] remains functionally elusive. A potent cytotoxic pep-
tide from the marine sponge Theonella swinhoei, named polythe-
onamide B (pTB) [2–5], is by far the largest known natural
product of non-genetic amino acids. The chemical structure of
pTB is unique, having alternative D- and L-amino acid throughout
the 48-mer peptide. This chiral structure is similar to the linear
gramicidins [6], and suggests that symbiotic bacteria may synthe-
size pTB by a non-ribosomal process. Gramicidin A (gA) forms a
b-helix and exhibits channel activity [7,8], thus, we hypothesized
that pTB may exert cytotoxicity through channel formation. Here
the cytotoxic activity of the target cells was examined, and channel
activity was studied using a planar lipid bilayer method. We found
unique features of the pTB channel, such as gating, vectorial-
insertion and trapping in the membrane. A closer examination of
the sequence of pTB revealed some structural features, which
distinguishes pTB from gA channels, and accounts for some func-
tional properties.chemical Societies. Published by E2. Materials and methods
2.1. Cytotoxicity assay
The cytotoxicity against P388 murine leukemia cells (JCRB17)
and HeLa human cervical cells was examined according to the
reported method [9]. The cytotoxicity against bacteria (Bacillus
subtillis, Escherichia coli) and fungi (Mortierella ramanniana) was
examined by paper dis-agar diffusion assay (disc diameter,
6.0 mm). Bacteria were inoculated into the beef extract medium
(0.3% Bacto-peptone, 1% beer extract, 0.5% NaCl) and then, incu-
bated overnight at 37 C in the presence of varying concentration
of polytheonamide B to obtain IC50 values. The growth of the bac-
terium was determined by observing the turbidity of the culture
medium with extinction at 360 nm.
2.2. Single-channel current recording [10]
Single-channel currents were measured by using the planar li-
pid bilayer method at room temperature. A Teﬂon sheet with a
thickness of 0.5 mm divided the two chambers. A hole (<100 lm
diameter) was made on the partition [10]. Membrane was formed
from diphytanoylphosphatidylcholine (Avanti Polar Lipids, Alabas-
ter, AL) or asolectin (L-a-phosphatidylcholine (type IV-s, Sigma, St.
Louis, MO) in decane (20 mg/ml). The cis and trans chambers were
ﬁlled with buffered solution (10 mM HEPES, pH 7.5). The referencelsevier B.V. All rights reserved.
3996 M. Iwamoto et al. / FEBS Letters 584 (2010) 3995–3999electrode was placed in the cis chamber, to which polythoenamide
B was added. Current data were recorded and stored in a PC by
using pCLAMP software (Molecular Devices, Sunnyvale, CA)Table 1
Antibacterial and antifungal activities of pTB by paper disk-agar diffusion assay (disc
diameter, 6.0 mm).
Microorganism Disk potency
(mg/disc)
Inhibition zone
diameter (mm)
Bacillus subtillis 100 7
20 No activity
Escherichia coli 100 8.5
20 7
4 No activity
Mortierella ramanniana 100 No activity
Table 2
IC50 values of pTB against various type of cells.
Cells IC50 (lg/ml)
P388 murine leukemia cells 0.0014
HeLa human uterine cervix carcinoma cells 0.0029
Bacillus subtillis >50
Escherichia coli >50
Fig. 1. Structural properties of pTB. (A) The amino acid sequence of pTB (upper) and th
special letter characters. Mil: b-methylisoleucine, Tle: tert-leucine, Asm: c-N-methylaspa
hydroxyasparagine, Mme: b,b-dimethylmethionine sulfoxide, aTh: allo-threonine. Lower:
the calculator plug-in of MarvinSketch (ChemAxon, Budapest, Hungary). A hydrophobic
bonding pattern (left) and a scheme for the b-helical structure (right). Left: Putative h
residues are indicated by red circles. Amino acid residues, the side chain of which aligns
6.3 residue-pitch, are shown in blue or green circles. Right: Positions of the Gly residues
hydrogen bonding network among the side chains is depicted by tubes along with the bthrough Axopatch 200B ampliﬁer and Digidata 1322A digitizer
(Molecular Devices). The low pass ﬁlter was set to 1 kHz for the
cut-off frequency, and data were sampled at 5 kHz.
3. Results and discussion
The cytotoxicity of polytheonamide B (pTB) was examined in
different cellular types. Potent cytotoxic activity was observed in
cultured mammalian cells (leukemia and HeLa cells < 0.0029 lg/
ml), while there was little effect in bacteria and fungi (E. coli,B. sub-
tillis and Mortierella ramanniana > 50 lg/ml; Tables 1 and 2). This
differential cytotoxicity is a unique feature of pTB.
pTB is a 48-residue linear peptide containing non-genetic amino
acid residues with D/L alternating stereochemistry throughout the
chain (Fig. 1A) [2,3,5]. It is likely that pTB, similar to gramicidin A
(gA), may elicit cytotoxicity by forming b-helical structure. To
examine this hypothesis, chemical features of pTB were examined.
Fig. 1B shows a putative pattern of hydrogen bonding in the back-
bone, once the b-helical structure with the 6.3 residue-pitch is
adopted. We found that two types of non-genetic amino acids
(Asm and Ham) distributed periodically and align along one side
of the helix (Fig. 1B). These amide groups may form chains of
hydrogen bonds. This is a novel structural motif.
The channel activities of pTB were studied using the planar lipid
bilayer made of diphytanoylphosphatidylcholine (Fig. 2) [4,10,11].
pTB was added to one side of the aqueous solutions in a chambere hydropathy plot (lower). Upper: Unusual amino acids are represented with three
ragine, Hva: b-hydroxyvaline, Mgn: b-methylglutamine, Ham: c-N-methyl-threo-b-
The hydropathy proﬁle of the side chains. Log P values (black) were calculated using
proﬁle for the moving averaged data (n = 7) is shown in red. (B) Putative hydrogen
ydrogen bonds on the backbone are depicted by dotted lines. Positions of the Gly
periodically along one side of the helix if we assume the b-helical structure with the
(red sphere) are superimposed on the putative b-helical structure of pTB. Putative
-helix.
Fig. 2. Channel activity of polytheonamide B. (A) Single-channel current of pTB in a planar lipid bilayer. Currents were recorded in symmetrical concentration of KCl (3 M;
upper traces) and CsCl (lower traces) at ±200 mV. Multiple channels were incorporated into the membrane. Lipid bilayers were formed from diphytanoylphosphatidylcholine
in n-decane. (B) Single-channel current voltage curves of pTB in KCl and CsCl solutions. Inset: the electrical conﬁguration of the chamber was deﬁned such that the potential
for the trans side was set as the membrane potential relative to the cis side, to which pTB was added. (C) Macroscopic current traces upon voltage steps. KCl concentration was
3 M. Inset: the voltage command. (D) The current–voltage curve for the macroscopic currents at the steady state of the activation. (E) Dependence of macroscopic current
amplitudes on pTB concentration. Both axes are in the logarithmic scale. The ﬁtted line indicates the Hill coefﬁcient of 1.0. (F) The current–voltage curve in an asymmetric
condition (1.0 M KCl/0.1 M KCl). The reversal potential was +58 mV and the permeability ratio for Cl against K+ was 0.005.
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immediately after the addition of pTB (Fig. 2A). The pTB channel
exhibited a gating with rapid opening and closing transitions
(Fig. 2A). The open probability was low and the mean open time
was 2.6 ms at +200 mV (Supplementary information Fig. S1). At
200 mV, the open probability was signiﬁcantly lower than that
at +200 mV, indicating voltage-dependent gating. The single-chan-
nel current showed nearly linear current–voltage relationships
(Fig. 2B) and the conductance was 7 pS at ±200 mV in symmetrical
3 M KCl solutions, In this study, the membrane potential was de-
ﬁned for the trans side relative to the cis side (the pTB-added side),
since this convention represents the intracellular membrane po-
tential of toxin-targeted cells. Single-channel activities were also
observed in membranes composed of asolectin (see Section 2) at
as low as a sub-pM concentration of pTB.
In the case of Cs+ as a permeating ion (Fig. 2A lower traces), the
single channel conductance demonstrated weak but discernible in-
ward rectiﬁcation (18 pS at +200 mV and 20 pS at 200 mV in
symmetric 3 M solutions; Fig. 2B). This reﬂects the asymmetric
structure of pTB in comparison with the symmetrical gA channel
[11,12]. Repeated experiments of single-channel current record-
ings frommany different membranes demonstrated that the direc-
tion of the rectiﬁcation was always the same, indicating that the
channels were incorporated into the membrane with the same
orientation.
Macroscopic currents revealed further characteristics of the pTB
activity in the membrane. In voltage-step experiments at a high
concentration of pTB (1 nM in KCl solutions), the current displayed
non-linear behavior. Current amplitudes increased as the mem-
brane potential became positive, in which slight time-dependent
increases in current amplitude at the beginning of the steps were
detected (Fig. 2C). This is a typical behavior of the voltage-depen-
dent gating. A macroscopic current–voltage curve (I–V curve) at
the steady-state indicated clear voltage-dependency (Fig. 2D),
which also supports the oriented insertion. These experiments
were performed without breaking the membrane throughout the
recordings, otherwise the asymmetry of the macroscopic currents
were abolished.
Fig. 2E shows dependence of the macroscopic current ampli-
tude on pTB concentration. The Hill coefﬁcient was 1.0. This result
demonstrates that, in contrast to the gA channel that exhibits
channel activity through head-to-head dimer formation, the pTB
channel is formed by a single molecule. 48-mer pTB, once the b-he-
lix is formed, has sufﬁcient length to span the membrane.
Macroscopic current recordings of pTB revealed that the pTB
channel exhibited monovalent cation-selective. In the valence
selectivity (cationic vs. anionic) study, measurements of macro-
scopic currents gave the reversal potential of +58 mV in asymmet-
rical solutions (1 M KCl/0.1 M KCl; Fig. 2F), indicating practically
pure cation selectivity (PCl/PK = 0.005; Table 1). Similarly, the selec-Table 3
Ion selectivity of polytheonamide B channel.
Ion Vrev (mV) PX/PK c (pS)
Cl +58 0.005 –
Cs+ 14 1.7 18
Rb+ 5 1.2 12
K+ 0 1 7
Na+ +42 0.2 –
Li+ +76 0.05 –
Valence selectivity (cationic vs. anionic) was examined by asymmetric concentra-
tion of KCl solutions (cis: 1.0 M and trans: 0.1 M). Cationic selectivity among alkali
metal ions was studied in bi-ionic conditions, in which the cis side was 1 M KCl and
the trans side was 1 M XCl (X is either of the alkali cations.). Single-channel currents
were measured at +200 mV in a symmetric concentration (3 M) of XCl.
Fig. 3. Vectorial insertion and trapping of the polytheonamide B channel in the
membrane. A. The time course of the orientation of pTB in the membrane. pTB was
added to one side of a chamber with a preformed membrane and macroscopic
currents were recorded at +100 mV (red symbols). Current ratios measured at
±100 mV (blue symbols) indicate the degree of asymmetry and hence represent the
orientation of the channel in the membrane. At the indicated time, the pTB-added
side of the chamber was perfused for diluting the pTB concentration below one
tenth of the initial concentration. Current ratios were constant throughout the
recording time of several hours. The electrolyte solution of the chamber was 3 M
KCl. Throughout the recording time, the membrane capacitance was constant. (B)
Schematic representation of pTB inserted in the membrane. (C) Schematic
representation of pTB action on target cells with a single- or double-membrane.
For organisms with the double-membrane, such as gram-negative bacteria,
absorption of pTB into the outer membrane prevents pTB from gaining access to
the inner membrane.
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potential in 1 M KCl and 1 M XCl solutions (X: monovalent cations).
The selectivity sequence was Cs+ > Rb+ > K+ > Na+ > Li+ (Table 3)
and divalent cations were not permeable (not shown). These re-
sults parallel the selectivity of gA channels, indicating a similar in-
ner diameter of approximately 4 Å, and thus, support for the
formation of the b-helical pore. The selectivity sequence (Eisenman
sequence I) suggests that the pore interior provides a weak electro-
static ﬁeld for permeating ions [13].
Both single-channel and macroscopic current recordings dem-
onstrated asymmetric behavior in the I–V relationships. Cs+ ﬂows
much through an open pore at negative potentials, while the chan-
nel stays open longer time at positive potentials. Two independent
measures indicate that pTB penetrated into the membrane in al-
ways the same direction. How do the structural features afford
the vectorial-insertion? The hydrophobicity of the side chains at
the N-terminal end is very high and decreases gradually towards
the C-terminal end (Fig. 1A lower). Furthermore, the unique N-ter-
minal 2-oxo-acyl group is hydrophobic. Here we call this feature
‘‘axial amphipathicity”, which may lead to the pTB molecule being
inserted into the membrane in only one direction (Fig. 3B).
The next question for exploring the cytotoxicity is whether the
inserted pTB channels can be transferred to the trans side of the
membrane or not. We performed simple experiments: pTB was
added to one side of the membrane and the membrane was kept
unbroken for long time. The degree of current asymmetry, which
represents the alignment of molecules in the membrane, was
tracked over several hours. As shown in Fig. 3A, the degree of asym-
metry was constant throughout the recording time, during which
the amplitude of the macroscopic currents increased notably. If
pTB were transferred to the trans side, pTB could be inserted into
the membrane in the opposite orientation and the degree of rectiﬁ-
cation be abolished because of the mixture of the two orientations
[14]. Thus, the results indicate that pTB is retained in the mem-
brane. To further examine the mechanism of membrane insertion,
the concentration of pTB in the cis side was reduced to one tenth
of the previous concentration by dilution. It was surprising that
the current amplitude still increased. pTB in the membrane may
not be withdrawn to the aqueous phase. Slow persistent increases
in the current amplitudes can be explained that pTBmay have been
absorbed into the hydrophobic surface of the Teﬂon chamber, from
which it was released slowly and ﬁnally incorporated into the
membrane. Together with the experimental results of the constant
degree of asymmetry, pTB was neither withdrawn from the mem-
brane nor transferred through the membrane. The membrane is
an absorbing reservoir where pTB is trapped.
The long helical structure of pTB, being three times longer than
the monomeric gA, must be maintained during the whole process
of membrane insertion. We found a novel structural motif to be re-
lated to the rigidity of the long helix (Fig 1B). A strand of the hydro-
gen bonds runs parallel to the longitudinal axis of the helix and
covers two thirds of the whole length of pTB (Fig 1B), suggesting
a reinforcing role for the rigidity of the long tubular structure. This
structural motif does not exist in gA channels. The unique methyl-
ated amide groups conferred the formation of the hydrogen-
bonded strand while retaining hydrophobicity. We also found that
glycine and alanine are clustered on one side of the helix, making
this side more ﬂexible. Bulky Asm aligned in a row and the com-
pact residues accumulated in the opposite side of the helix made
the overall structure of pTB having rigidity and ﬂexibility side by
side. This contrast structural feature might be related to the gating
of the pTB channel.
Here we present a novel hypothesis for the cytotoxic activity of
pTB on mammalian but not on bacterial and fungal cells (Fig. 3C).The preferred action of pTB on mammalian cells cannot be ac-
counted for by the lipid composition [15] since pTB was demon-
strated to have channel activity in either pure or mixed lipid
compositions containing cholesterol. The b-helical pTB reinforced
by the hydrogen-bonded strand penetrates into the membrane. A
hydrophobic lead of the pTB molecule may drive a wedge into
the membrane. The monovalent-cation channel activity deterio-
rates the resting membrane potential and kills the target cell. In
the case of bacteria and other cells having an outer lipid mem-
brane, pTB accumulates there, and does not gain access to the inner
plasma membrane.
We found that the pTB forms a cation-selective channel by vec-
torial-insertion and trapping, which explain a potent cytotoxic
activity with a speciﬁc spectrum. Nature has ‘‘engineered” this
nanotube using non-genetic amino acids, exhibiting an unprece-
dented channel structural motif. Deciphering the structural clues
relevant to its function should help advance the design of novel
substances and therapeutic agents.
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